quantitative and mechanistic information that can be The catalytic properties of enzymes are usually evaluated by deduced about the enzyme.
1. A single reaction mixture can yield multiple experimental points, allowing more data to be collected with little additional experimentation. In contrast, when Enzymes are both measured and defined by their rates are measured it is usual to determine one rate effect on the rates of reactions. Similarly, mathematical only from each assay. descriptions of the overall reaction, or individual steps 2. All data collected from a single assay are obtained in the catalytic cycle, are formulated in terms of rates.
at exactly the same concentration of enzyme, activators, In contrast, experimental measurements of these reacinhibitors, buffer, and most other components that are tions rarely, if ever, determine rates directly. Rather, not consumed or formed by the reaction itself. substrate or product concentrations are determined at 3. The concentrations of components that are convarious times, and rates are calculated from the change sumed or formed by the reaction itself are varied autoin concentration with time.
matically. As a result, a full description of the effects This process of differentiating the data is necessarily of these components on the reaction is contained within inexact. The errors may be small when the assay the data. Moreover, products are formed in an enantiomethod allows continuous monitoring of the concentramerically pure form, allowing the effects of such prodtion and when the change in concentration is approxiucts, or of products that are difficult to obtain, to be mately linear with time. However, if the assay method studied readily. is discontinuous and the change in concentration is not 4. Enzymes for which the assay is relatively insensilinear with time, the rates that are determined may be tive are easily studied. This is because it is possible, of little reliability. This, in turn, limits the amount of and usually desirable, to measure the reaction over a period during which a substantial fraction of the sub-restricted to the first few percent of substrate utiliza-contributions of many enzymologists to the field over this period. tion so that its concentration remains nearly constant.
In addition to these advantages, some properties of enzymes are necessarily not amenable to rate measure-DESCRIPTION OF METHOD ments because they change over time. Probably the most important of these are the interactions with slowAssay binding inhibitors, but any process that is not in the The study of any enzyme requires a suitable assay steady state is best studied through time courses.
method that can measure the changing concentration Given these advantages, it is useful to inquire why of a substrate or a product. The requirements of the such limited use has been made of time courses, with assay in time course analysis are somewhat different, the vast majority of enzyme studies continuing to focus and in some ways far less stringent, than those used on rates, and usually initial rates. There are several for rate measurements. Generally, rate measurements disadvantages and, paradoxically, the first two of these require that the assay is sufficiently sensitive that the are the result of the same features of time courses that concentrations of substrates and products can be aswere listed as advantages 2 and 3 above.
sumed to be unchanged during the measurement period. In contrast, time course measurements generally 1. All data collected from a single assay contain sys-rely on the fact that the concentrations of substrates tematic errors if there are any departures from the and products change substantially and usually the reacdesired concentration of enzyme, activators, inhibitors, tion is followed until substrate exhaustion (or thermobuffer, and any other component, including those that dynamic equilibrium) is approached. For this reason, are consumed or formed by the reaction itself.
very insensitive assays can be used. Indeed, conven-2. The concentrations of components that are con-tional assays may be far too sensitive and special adapsumed or formed by the reaction itself vary simultane-tations may be required. For example, if the assay inously. As a result, it is difficult to isolate the effect volves spectrophotometric monitoring of a substrate or of any single component without also considering the product, it may be necessary to move well away from effects of all components and the interactions be-the absorbance peak of the chromophore to enable data tween them.
from the entire reaction time course to be collected. 3. Side reactions, instability, or volatility of substrates, products, activators, and inhibitors, as well as time-dependent changes in enzyme activity, all affect Selwyn's Test time courses.
The steady-state rate equations for most enzyme-4. Partly as a result of the previous two points, the catalyzed reactions may be written as equations that describe time courses are very much more complex than rate equations and require sophisticated methods and computer programs for their anal- 
.
[2] time courses, which extends back more than a century. Neither shall I provide a comprehensive review of the For any given amount of product P 1 formed, the denomi- to be done so various numerical approximation methods There are two approaches to rectify such difficulties.
have been applied (see 3, 4) . Probably the easiest of The first is to alter the reaction conditions to overcome the instability. However, this might not always be possi-these to understand is the procedure known as brackble or desirable. The second approach is to include al-eting. It is obvious that [P] t must be between a lower lowance for the instability in the data analysis, as de-limit of zero and an upper limit of [A] 0 at any finite scribed in a later section. This approach can also be time. If a value of [P] t is chosen at halfway between applied to non-steady-state systems, such as occurs these limits and this value is substituted into the leftwith slow-binding inhibitors. However, for the time be-hand side of Eq. [5] , then the result will be less than, ing, it is assumed that the system passes Selwyn's test. greater than, or equal to zero. If it is less than zero then this guess must be too low and the chosen value of [P] t can be used as a new lower limit. Similarly, if the calculation yields a left-hand side of Eq. [5] that is Simple Systems greater than zero, then the value of [P] t can be used as To understand the basic principle of analyzing time a new upper limit. Using these new limits, another courses, the simplest system is described. This is an guess is made of [P] t and the process is repeated. Evenenzyme that obeys Michaelis-Menten kinetics, is not tually, an exact solution is found (the left-hand side of inhibited by its product(s), and catalyzes an irreversible Eq. [5] is equal to zero) or the upper and lower limits reaction with a single substrate, A. For such a reaction, are so close together that further refinement is unnecesEq. [2] reduces to sary. The bracketing algorithm can be incorporated into any of several published or commercial nonlinear re-
, [4] gression programs, allowing best-fit values (and standard errors) of the parameters V m and K a to be calcuwhere the maximum velocity (V m ) has its usual defini-lated. The program code for use in conjunction with the tion (k cat [E] 0 ) and K a is the Michaelis constant for sub-GraFit program (Erithacus Software) is illustrated in strate A. The corresponding integrated form is Fig. 1 . It is worth mentioning that bracketing is a general
[5] procedure that can be used to solve a variety of equations. It is only necessary to write the equation in the same form as Eq.
[5] (i.e., with zero on the right-hand Various approaches have been suggested to fit this side) and to provide reliable starting values that encomequation to experimental data. For example, rearrangement to the linear form pass the solution.
Experimental Design Competitive Product Inhibition
The simple Michaelis-Menten system described For reliable determination of both V m and K a some above does not allow for inhibition by the product(s) of thought must be given to the appropriate starting subthe reaction. If an accumulating product inhibits the strate concentration to use. If it is too high, the time enzyme competitively, this will not be immediately obvicourse will approximate a straight line because the enous from the shape of the time course and any given zyme will be saturated and the curve dominated by V m curve will be described exactly by Eq. [5] , except that alone. Conversely, if the substrate concentration is too V m and K a will now be apparent values defined by Eqs. low, the time course will approximate a first-order curve [7] and [8] in which K i is the inhibition constant for with a shape that reflects V m /K a only. An appropriate the product: choice has been suggested to be two to three times K a (5).
In practice, using a single time course is not very [7] reliable for determining V m and K a . Even small deviations between the intended and actual substrate con-
[8] centrations can substantially alter the estimates (6) . It is preferable to use several starting substrate concen-It is evident that no single time course can be used to trations and combine the data for analysis. This has a determine all of V m , K a , and K i but a series of reactions, second advantage that is discussed in the next section. at different starting values of [A] 0 and/or [P] 0 , will yield Using several progress curves over a wide range of sufficient information to define all three parameters. starting substrate concentrations results in time It is of interest that the apparent V m and apparent K a courses that may be inconvenient to follow over a single calculated from a single curve have negative values if time span. A starting concentration that is well above the product is a strong inhibitor (K i Ͻ K a ). The value K a will reach any given fractional completion more of V m Ј should be independent of the starting substrate concentration and should be unaffected by added prodslowly than one that starts well below K a . However, uct (Eq. [7] ). In contrast, K a Ј should be a linear function because the system passes Selwyn's test, there is no of [A] 0 ϩ [P] 0 (Eq. [8] ), and the observation of a trend requirement that all time courses are collected at the between K a Ј and [A] 0 suggests that the system is afsame enzyme concentration. For higher starting subfected by product inhibition. strate concentrations, the amount of enzyme can be increased and the time axis of the data later normalized to a common enzyme concentration.
Reversible Reactions Single-substrate/single-product reversible reactions also obey Eq. [5] but again the values of V m and K a are apparent values that depend on the maximum velocities and Michaelis constants in each direction, as well as the initial reactant concentrations (7) . Determining all four kinetic parameters requires a series of reactions at different starting substrate concentrations, preferably with the reaction studied in both directions (8) .
Complex Systems
Reactions with more than one substrate, with two or more inhibitory products, or with a single product that is a noncompetitive or uncompetitive inhibitor do not obey Eq. [5] . There may be additional terms involving [P] 2 t and higher powers, more than one logarithmic term, or both. Boeker (9-11) has developed a general  FIG. 1 . Algorithm to solve the integrated Michaelis-Menten equa-framework for the integrated rate equations for such tion (Eq. [5] ) by the bracketing method. This particular example is systems, although there has been little work where designed for use with the GraFit program (Erithacus Software) but this has been applied to experimental systems. In this a similar code could be used with other programs and computer languages.
author's opinion, a full kinetic analysis of such a system is unlikely to yield reliable results due to the large in this laboratory, is available over the World Wide Web (http://www.biosci.uq.edu.au/ϳduggleby/rgd3a.htm) and number of kinetic parameters that must be extracted from the data. However, the complexity of the system has been shown to be quite versatile (14). The main drawback is that it has no graphics capability. An inexmay sometimes be manipulated experimentally to reduce the number of parameters. For example, aspartate pensive Windows-based program with good graphics is Berkeley Madonna, available from the web site http:// aminotransferase catalyzes a reversible two-substrate/ two-product ping-pong reaction, but by using glutamate www.berkeleymadonna.com/. Unfortunately, in its present form, it has a very awkward way of dealing with and oxaloacetate as substrates and coupling the reaction to glutamate dehydrogenase, it can be greatly sim-multiple time courses, and does not provide standard errors of the estimated parameters. One hopes that plified. Using this coupling system, 2-ketoglutarate does not accumulate (and therefore cannot inhibit), the these shortcomings of Berkeley Madonna will be overcome in future versions. Alternatively, this author inreaction becomes irreversible, and the concentration of glutamate remains fixed due to recycling (12). In this vites any collaborator who is interested in constructing a graphical interface for DNRP-RKF. way, this eight-parameter system is simplified to a more manageable five parameters.
The second problem with these complex systems is DNRP-RKF the difficulty of writing the integrated rate equations in a form suitable for incorporation into a nonlinear
The use of DNRP-RKF is illustrated by example, usregression analysis program. A computer program that ing first a simple Michaelis-Menten system. The data writes these equations has been described (8) but has ( Fig. 2A) are from Schønheyder (15) and represent the not been widely used. In the next section I describe an hydrolysis of phenyl phosphate by human prostate acid alternative that is substantially simpler and has the phosphatase. This reaction is adequately described by additional and significant advantage that it can be Eq. [4] and the representation of this equation for use applied to both steady-state and non-steady-state with DNRP-RKF is shown in Fig. 2B . The best fit to systems.
the data (line in Fig. 2A ) obtained using DNRP-RKF
Numerical Integration
The alternative to using algebraic methods to integrate rate equations is to integrate them numerically. In its simplest form, this involves using Eq. [4] to calculate the rate at any given starting point, then estimating the new concentration of P after a small increment in time (⌬t)
This "first-order" method is not sufficiently accurate to be generally useful but more sophisticated procedures exist that are highly reliable. Descriptions of these methods may be found in standard texts (e.g., 13). In the past, the main difficulty with using numerical integration for analyzing time courses was that it requires a substantial amount of computation, making the method rather slow. The enormous advances that have occurred in desktop computers over the past 20 
[11] and 6.11 mM, respectively), which were obtained using a direct linear plot method that was later rediscovered by Cornish-Bowden (2) .
respectively, and the appropriate computer code for anThe second example is the hydrolysis of p-nitrophenyl alyzing this system using DNRP-RKF is shown in phosphate catalyzed by bovine intestinal alkaline phos- Fig. 3B . phatase (16) . The reaction is irreversible and converts
The third example illustrates the analysis of the efa single substrate (ignoring the water) to two products.
fect of a slow-, tight-binding inhibitor. rapid formation of the complex EI, and this slowly isomthe enzyme is unstable under the buffer conditions used erizes to a second complex EI*. Some representative (which included EGTA, which extracts the essential data are illustrated in Fig. 4B . The concentration of the zinc ion from the enzyme). Due to this instability, the limiting substrate (dihydrofolate) was 76 M and can integrated rate equation defined by Eqs. [5] , [7] , and be considered to remain constant during the course of [8] is not appropriate.
the experiment. The enzyme concentration that was A general model for this system is illustrated in Fig. used in this experiment was 6 nM, which is comparable 3A. However, it was shown (16) that it is only the free to that of the inhibitor, methotrexate. Consequently, enzyme that is susceptible to inactivation, and, in the reduction of the inhibitor concentration as a result of enzyme-substrate and enzyme-phosphate complexes, binding to the enzyme must be included in the analysis. the zinc is locked in. This simplifies the model by elimiGiven a value for the concentration of EI* at any time, nating the inactivation routes governed by j 2 and j 3 .
the concentration of EI is calculated by solving the quaThe rate equations for product formation and enzyme dratic equation inactivation are
[EI]
Using this value, the concentration of EA can be calculated, The computer code for using DNRP-RKF to analyze used for a steady-state system that passes Selwyn's test, a system that fails Selwyn's test due to enzyme such data is shown in Fig. 4C . instability, and a non-steady-state system resulting These examples illustrate how DNRP-RKF can be from slow-binding inhibition. It has also been applied (14) to the analysis of a pre-steady-state system and simplified metabolic pathway consisting of a pair of a coupled reactions.
CONCLUDING REMARKS
The time course of an enzyme-catalyzed reaction contains a wealth of information but this was, in the past, difficult to extract due to the complexity of the calculations involved. The increased speed and capacity of desktop computers have now removed this limitation and should allow the better use of reaction time courses. The approach recommended here is to use the familiar descriptions of enzyme-catalyzed reactions that are couched in terms of rates. Numerical integration coupled with nonlinear regression is then used to fit the model to the time courses and thereby estimate kinetic parameters. One of the advantages of this approach is that it can be applied to both steady-state and nonsteady-state systems.
